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We present evidence for spin polarized charge carriers in In2O3 films. Both In2O3 and Cr doped
In2O3 films exhibit room temperature ferromagnetism after vacuum annealing, with a saturation
moment of approximately 0.5 emu/cm3. We used Point Contact Andreev Reflection measurements
to directly determine the spin polarization, which was found to be approximately 50±5% for both
compositions. These results are consistent with suggestions that the ferromagnetism observed in
certain oxide semiconductors may be carrier mediated.
PACS numbers: 75.50.Pp, 75.25.Mk
The potential technological applications of magnetic
semiconductors to the field of spintronics have moti-
vated the study of many promising systems, includ-
ing (Ga,Mn)As1,2 and transition metal doped semicon-
ducting oxides (DMSO)3,4. Some of these latter sys-
tems have been predicted to exhibit room temperature
ferromagnetism5, which has been observed experimen-
tally in Co doped TiO26, Co doped ZnO7, and Cr doped
In2O38. However, the origin of ferromagnetism in these
DMSO materials remains enigmatic, in part because of
the possibility of a magnetic signal arising from un-
detected transition metal oxide impurity phases9. At
the same time, ferromagnetism has been observed in
a number of undoped oxide samples including HfO210,
TiO211, In2O311. The recent results on ferromagnetism
in carbon12 emphasizes the importance of vacancies and
other defects in promoting ferromagnetic order.
In2O3 is a transparent semiconductor and can be
highly conductive at room temperature when doped,
making ferromagnetic In2O3 films attractive candidates
for magneto-optical and spintronic devices. Room tem-
perature ferromagnetism has been predicted for Mo
doped In2O3 films13 and observed in Ni, Fe, and Co
doped samples14 as well as undoped In2O311. It has
been shown that the electrical and magnetic properties
of Cr:In2O3 films are both sensitive to the oxygen va-
cancy defect concentration, and that the ferromagnetic
interaction depends on carrier density8. While it has
been suggested that ferromagnetism in Cr:In2O3 films is
carrier mediated15, the precise relationship between the
spin transport properties of the charge carriers and the
net ferromagnetic moment remains unclear.
In this Letter we demonstrate that the charge carri-
ers in undoped In2O3 films have a significant spin po-
larization at helium temperatures. Furthermore, mea-
surements on Cr doped In2O3 samples yield quantita-
tively similar results to measurements on undoped sam-
ples, suggesting that transition metal dopants may not
play any significant role in the development of ferromag-
netic order.
We prepared ceramic samples of In2O3 (with a base
purity of 99.99%) and In2O3 doped with 2 at% Cr us-
ing a standard solid state process16. The powder samples
were pressed into 2” diameter sputtering targets, then an-
nealed in air at 1100 ◦C for 6 hours. In2O3 and Cr:In2O3
thin films were deposited by reactive magnetron sputter-
ing of this target using an RF power source. High-purity
argon was used as the sputtering gas and a small partial
pressure of oxygen was maintained to obtain stoichiomet-
ric films. Oxygen at a partial pressure of 10−3 torr and
argon at a partial pressure of 1.4x10−2 torr were used
as reactive and sputtering gases respectively. The films
were deposited onto (0001) oriented single crystal sap-
phire substrates. While the as-prepared samples were
insulating and non-magnetic, the films became conduct-
ing and ferromagnetic when annealed in vacuum for 6-8
hours.
The X-Ray Diffraction (XRD) spectra for the In2O3
and Cr:In2O3 samples, are shown in Figure 1a. The
polycrystalline films are textured, with strong diffraction
peaks indicating a preferred orientation along (222) or
(400). There is no evidence for secondary phase forma-
tion. We show high resolution (HR) and cross-sectional
transmission electron microscope (TEM) images of a
Cr:In2O3 film in Figs 1b and 1c. The HRTEM image
shows the absence of defects, secondary phases, or clus-
ters in these high-quality samples. Extensive SEM EDS
mapping of the In2O3 films (not shown) gave no indica-
tion of any transition metal dopants, including Cr, Co,
Fe, Ni, and Mn, thus ruling out the possibility of ac-
cidental contamination with magnetic transition metal
impurities.
We plot the temperature dependent electrical resistiv-
ity for both the In2O3 and Cr:In2O3 samples in Fig.
2a. These data were obtained on 1.1 µm thick sam-
ples after vacuum annealing. Room temperature Hall
measurements estimate the carrier concentration to be
6.1×1019cm−3 for the In2O3 films and 3.5× 1020cm−3
for the Cr:In2O3 films. Both the In2O3 and Cr:In2O3
films remain conductive down to low temperatures, and
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FIG. 1: (a) X-ray diffraction spectrum for a pure In2O3 sam-
ple (upper curve) and a Cr doped to 2 at.% In2O3 thin film
(lower curve). (b) HRTEM of the Cr:In2O3 thin film, showing
the crystalline structure and absence of any impurity phase.
This arrow indicates the direction of the columnar axis. (c)
Cross-sectional TEM image showing the highly textured thin
film.
exhibit qualitatively identical behavior. This indicates
that the electronic properties of both these films are very
similar.
We measured the in-plane magnetization of these
thin film samples using a high-sensitivity Quantum De-
sign MPMS magnetometer. These magnetic data have
been corrected for a small diamagnetic background from
the sapphire substrate. The magnetization of the as-
prepared samples was negligible, but a sizeable magnetic
moment developed on vacuum annealing. We plot the
temperature dependent magnetization for the vacuum
annealed In2O3 and Cr:In2O3 films in Fig. 2b. The
magnetizations for both samples exhibit very similar be-
havior and are almost temperature independent at higher
temperatures, with the Cr:In2O3 sample showing a no-
ticeable increase only at temperatures below 25 K. We
attribute this upturn to a Curie tail arising from para-
magnetic Cr ions in the sample, which are absent in the
In2O3 film. Fitting this upturn to a Curie susceptibility
plus a spin-wave term as:
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FIG. 2: (a)Resistivity versus temperature for the vacuum
annealed In2O3 and Cr:In2O3 samples. (b) Magnetization
measured as a function of temperature for a In2O3 film and
a Cr:In2O3 film, measured in a magnetic field of 1 kOe. The
solid line is the fit to a Curie impurity tail, as described in
the text. (c) Magnetization versus magnetic field measured
at T=300 K for a In2O3 film and a Cr:In2O3 film. For all
panels, the In2O3 data are shown with blue circles and the
Cr:In2O3 data with red triangles.
M(T ) = M0 + C/T +MS
(
1−BT 3/2
)
(1)
with M0 a constant background, C a Curie term, and
B the spin-wave stiffness, as shown in Fig. 2b, we find
that this anomaly can be accounted for by ≈75% of the
Cr ions remaining paramagnetic. This is consistent with
our observation that ferromagnetic order can develop in
oxygen deficient In2O3 in the absence of any magnetic
dopants. The Curie temperature estimated from the fit
using Eq. (1) is approximately TC=630 K. We plot the
room temperature magnetization curves for vacuum an-
nealed In2O3 and Cr:In2O3 films in Fig. 2c. Both sam-
ples exhibit clear hysteresis loops, consistent with room
temperature ferromagnetic order. Both the In2O3 and
Cr:In2O3 films show a saturation magnetization of ap-
proximately 0.5±0.1 emu/cm3.
In order to investigate the coupling between the charge
carriers and the ferromagnetic moment in the In2O3 and
Cr:In2O3 films we used PCAR spectroscopy to probe the
spin polarization. PCAR spectroscopy17,18 has recently
emerged as a viable technique to directly measure the
transport spin polarization in magnetic materials19,20 in-
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FIG. 3: (a) and (b) Normalized conductance curves for super-
conducting Sn contacts with In2O3 films (open blue circles)
at T=1.3 K. (c) and (d) Normalized conductance curves for
superconducting Sn contacts with Cr:In2O3 films (open red
triangles) at T=1.3 K. Solid lines indicate numerical fits ob-
tained using the diffusive model26. The BCS gap of bulk Sn,
∆=0.57 meV was used in all the fits. (a) Contact resistance,
Rc=87 Ω; fitting parameters: Z=0 and P=42%. (b) Rc=75
Ω; fitting parameters: Z=0 and P=40%. (c) Rc=48 Ω, fit-
ting parameters: Z=0.44 and P=47%. (d) Rc=35 Ω; fitting
parameters: Z=0.47 and P=52%.
cluding various magnetic oxides21, as well as the dilute
magnetic semiconductors22,23.
All of the measured Sn/In2O3 and Sn/Cr:In2O3 con-
tacts exhibit characteristic conductance curves, with the
dip at zero bias voltage indicating the suppression of An-
dreev reflection to spin polarization of the current. Fig-
ure 3 shows representative conductance curves for two
different contacts for both samples. The data are an-
alyzed using the actual BCS gap of bulk Sn, which at
the measurement temperature of T=1.3 K is approxi-
mately 0.57 meV. As the typical spreading resistance of
the films - in the range of 20-40 Ω at 2 K- is compa-
rable to the point contact resistance, which has an up-
per limit of ≈100 Ohm, this additional contribution has
been included in our analysis24. We have estimated the
minimum interfacial barrier strength value, Z = |r−1|
2
√
r
,
based on the Fermi velocity mismatch between the su-
perconductor (vSn) and Cr:In2O3 (vIO), r = vSnvIO . As-
suming a free electron gas model and taking the effective
mass to be ≈0.3 me8 and the measured electron density
n ≈ 3.5 × 1020 cm−3; the Fermi velocity of Cr:In2O3 is
calculated vIO ≈ 0.84×108 cm/s, whereas vSn is approx-
imately 1.88×108 cm/s resulting in the estimated values
of Z of ≈ 0.4, in agreement with the experimental data
for Cr:In2O3 samples.
Using the free electron approximation we have esti-
mated the mean free path L ≈ 2.5A˚ for the resistivity
measured at T=2 K, 10.8 mΩcm for the Cr:In2O3 sam-
ple. Using the same resistivity value and a typical value
for the contact resistance of 50 Ohm, we estimate the
contact size d25 to be two orders of magnitude larger
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FIG. 4: Normalized conductance curve for the In2O3 film
measured at different temperatures using a Nb superconduct-
ing tip.
than L. This implies that d L so that all of our mea-
surements have been done in the pure diffusive regime.
Accordingly, we have used the diffusive limit of Ref.26 to
analyze our data. This analysis, averaged over a number
of different point contacts in several samples, yields a spin
polarization of 45%± 5% and ≈ 50%± 5% in the In2O3
and Cr:In2O3 samples respectively. In order to investi-
gate the temperature dependence of the spin polarization
at low temperatures, we have also performed a series of
measurements in In2O3 at different temperatures using
a Nb tip. The data, shown in Figure 4, show that the
magnitude of the zero bias dip decreases as the super-
conducting transition temperature for Nb is approached
(Fig. 4). From these measurements, we calculated a spin
polarization of ≈ 50% at T=2 K in good agreement with
the results obtained using the Sn tip. This value of the
spin polarization is approximately independent of tem-
perature up to T=8 K. As the temperature approaches
Tc of Nb (≈ 9K) the fluctuations become too large to fit
reliably.
The observation of carrier-mediated ferromagnetism
coexisting with n-type conductivity in In2O3 poses a
serious theoretical challenge. While it has been estab-
lished that oxygen vacancies are the most abundant in-
trinsic (donor) defects in In2O3 and can account for
its room-temperature conductivity27, they alone are un-
likely to produce ferromagnetism.28 Recent theoretical
calculations15 may explain the development of magnetic
order in Cr:In2O3 but do not explain the magnetism in
undoped In2O3. It has been proposed that cation vacan-
cies could be responsible for the observed ferromagnetic
properties of nonmagnetic oxides.28,29,30 These defects
have a tendency to form high spin magnetic states that
maintain ferromagnetic interaction at relatively large dis-
tances. The spin value of the cation vacancy depends
on the charge state of the defect, with neutral (q=0)
and negatively charged (q=-1) indium vacancies forming
S=3/2 and S=1 (triplet) states respectively. The effect
4is quite similar to what has been observed in thin films
of liquid oxygen where two out-of surface oxygen orbitals
form triplet states, which interact ferromagnetically.31
These assumptions suggest the following schematic pic-
ture. We propose that vacuum annealed In2O3 has both
oxygen and indium vacancies. The former act as donors
and supply electrons to the conduction band, while the
latter act as acceptors with a localized spin. Free elec-
trons from oxygen vacancies will mediate an interaction
between the triplet indium vacancies. Spin-ordering on
the indium vacancy sites will further split the conduc-
tion band, increasing the free carrier density until all the
donors are ionized. At our measured carrier concentra-
tions in In2O3 on the order of 6×1019cm−3 the number
of oxygen vacancies would be approximately 3×1020cm−3
in good agreement with the theoretical estimates27. The
indium vacancies in In2O3 would act as compensating
defects for the oxygen vacancy donor states. It is known
that In2O3 is highly compensated, with the concentra-
tion of the free carriers to the donor defects of about
1:532 instead of the expected 2:127. This compensation
suggests that the In vacancy concentration could also be
on the order of a few percent, which, as we will show
below, may be sufficient to explain the onset of ferro-
magnetic order above room temperature in these sam-
ples. Specifically, let us assume that In2O3 is self-doped
with donors (oxygen vacanices) with density Nd and self-
compensated by magnetic acceptors (indium vacancies)
of density Na <∼ Nd. Due to the latter inequality all the
acceptors are negatively charged and carry a spin J = 1.
The interaction between electron spins ~si and localized
acceptor spins ~Jj is
Hex = −Γex
∑
i,j
δ(~ri − ~Rj)~si · ~Jj , (2)
where Γex is the exchange coupling and ~ri (~Rj) is the
position of the carrier (acceptor). At high tempera-
tures, near the Curie point, all the donors are ionized
and the neutrality condition for the free electron density
n = N+d −N−a can be simplified as n ≡ Ndν = Nd −Na
where we introduce the fraction of free electrons per
donor, ν. The ordering of these localized spins will split
the conduction band and lead to a non-zero spin polar-
ization of the conduction electrons.
The mean-field magnetizations (in units of µB) of the
localized spins m and free electrons s are related by:
m = JBJ
[
JΓexns
kBT
]
, (3)
s =
1
2
tanh
[
ΓexNam
2kBT
]
. (4)
where BJ is the Brillouin function and we assume in
Eq. (4) that the free electrons are non-degenerate. By
expanding Eqs. (3) and (4) for small s and m we obtain
an expression for the transition temperature:
kBTC = Γex
√
NanJ(J + 1)/12 = ΓexNd
√
ν(1− ν)/6
(5)
If we use the value of Γex=0.15 eV·nm3 reported for
GaMnAs33 and using Nd=2×1021 cm−3with ν = 0.2, we
obtain TC ≈570 K. This rough estimate is in good agree-
ment with the Curie temperture obtained from Fig. 2b
(≈630 K), although further theoretical and experimental
studies will be needed to test this qualitative model.
In conclusion, we have established that vacuum an-
nealed In2O3 thin films exhibit ferromagnetic order, and
that the charge carriers exhibit a sizeable spin polariza-
tion at T=1.3 K. Our direct measurement of the spin
polarization using PCAR spectroscopy shows a spec-
trum characteristic of the interface between a supercon-
ductor and ferromagnet, with a spin polarization of ≈
50% for these samples. The close agreement between
both the magnetic and transport measurements for In2O3
and Cr:In2O3 strongly suggests that the presence of
magnetic transition metal dopant ions is not necessary
to produce carrier mediated ferromagnetism in this sys-
tem. The observation of a finite spin polarization points
to a strong coupling between the charge carriers and
the ferromagnetic moment. This study confirms one of
the principal assumptions underlying the study of room-
temperature ferromagnetism in dilute magnetic semicon-
ducting oxides, namely that the charge carriers them-
selves are spin polarized.
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